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The fundamental law of highway congestion states that an increase in highway capacity 
stimulates a proportional increase in induced trafiic demand. Duranton and Turner (2010) 
find that the highway elasticity of traffic is approximately one in the United States. This 
thesis investigates whether this law holds in Japan. By exploiting Japan's 1890 railway 
network plan and 1987 arterial high-standard highways plan as instruments for highway 
capacity and its expansion, respectively, we obtain the elasticity of vehicle-kilometers trav-
eled (VKT) to highway capacity in Japan, ranging from 0.80 to 1.22. We conclude that the 
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Can road expansion reduce traffic congestion? There is little consensus regarding 
this matter. Government officials, as well as advocacy groups frequently propose to expand 
road capacity, but this policy measure has thus far met limited success; roads remain heavily 
congested. Nonetheless, many environmental advocacy groups contend that "you can't 
build your way out of traffic congestion." 
A typical solution to relieving traffic congestion is the expansion of highway capac-
ity. Driving speed is initially improved; however, expanded roads attract additional traffic 
from other areas, and the highway eventually reverts to being congested. Downs (1992, 
2004) puts forward the principle of triple convergence to explain the mechanism underly-
ing this phenomenon. The shortest routes are assumed to be well-known to most motorists, 
and a huge number of drivers converge on these roads during peak hours on weekdays. 
This results in traffic congestion, slowing down driving speed, because a huge number of 
motorists decide to take the "best" routes. In equilibrium, drivers hold no advantages in 
pursuing alternative routes. Suppose that road capacity on these routes is considerably ex-
panded. Three types of convergence occur on the improved highways: some drivers who 
take alternative routes switch to improved roads (spatial convergence); others who previ-
ously traveled before or after peak hours now choose to travel during peak hours (time 
convergence); and still others who used to take public transportation during peak hours 
now drive on the improved roads (modal convergence). The continuous rise in traffic vol-
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ume restores the driving speed to its former level, equalizing speed in these busy routes. 
This increase in traffic is often called induced traffic or latent demand. Therefore, because 
of triple convergence in densely populated areas, road expansion is an ineffective measure 
for eliminating peak-hour traffic congestion or reducing the intensity of traffic jams during 
peak hours. 
Many empirical studies measure the effects of road supply on induced traffic. Early 
studies test the elasticity of demand to road capacity in the US and are conducted in one spe-
cific state or several states. A positive elasticity implies the existence of induced demand. 
According to various local area studies conducted in 1972 to 2002 reviewed by Cevero 
(2002), most of which employed ordinary least squares (OLS) estimation, the elasticity es-
timates generally range from 0.3 to 0.7. These studies confirm the existence of induced 
traffic. A more interesting empirical phenomenon has been documented by Downs (1962， 
1992，2004). He finds that highway expansion is unlikely to relieve traffic congestion if 
highway elasticity of demand for travel is equal to one. He names this phenomenon the 
ftmdamental law of highway congestion. 
However, an unbiased estimate of the highway elasticity of traffic is unlikely to be 
derived by OLS method because of reverse causality. The decision to build roads is a nat-
ural political response to demand for travel. On one hand, social planners may decide on 
the required road supply based on traffic forecasts. On the other hand, once road capac-
ity expands, the demand for travel is stimulated by the improvement in driving speed. In 
such a case, road supply and travel demand are determined simultaneously. Thus, esti-
mates of the elasticity of driving to the road capacity obtained in both cross-sectional and 
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fixed-effect estimations are likely to be biased and inconsistent. More generally, the un-
observed error terms such as implementation of pro-driving policy are correlated to the 
independent variables in the regression equation. Correcting this inconsistency requires an 
instrumental variable estimation, but finding suitable instruments remains a key challenge 
in studies devoted to this subject matter. Duranton and Turner (2010) test the law of high-
way congestion for the first time at the national level using more comprehensive highway 
data from 1983 to 2003 in all 228 Metropolitan Statistical Areas (MSAs) in the United 
States. To solve the endogeneity in road traffic and road supply, they employ three innov-
ative instruments: the routes of major expeditions of exploration between 1835 and 1850， 
major rail routes in 1898，and the 1947 interstate highway plan. Using these instruments, 
they estimate the elasticity of vehicle-kilometers traveled (VKT) to the road capacity by 
two-stage least squares (2SLS) regression. An elasticity of close to one in interstate high-
ways and most major roads is found, providing support for the fundamental law of highway 
congestion. 
In this thesis, we estimate the effect of highway capacity on demand for travel, mea-
sured by VKT, in Japan. Our estimates of the highway elasticity of VKT range from 0.80 
to 1.22. We conclude from our results that the fiindamental law of highway congestion 
approximately holds in Japan. This implies that highway expansion is unlikely to reduce 
traffic congestion in this country. 
Chapter 2 
Literature Review 
Numerous papers have attempted to measure the induced travel demand and the em-
pirical strategies used change over time. The early studies, starting from Jorgensen (1947)， 
rely on facility-specific analyses and area studies by the ordinary least squares (OLS) re-
gression. Based on trend extrapolation, travel demand forecasts and regional trend, facility-
specific study is a project level study that measures traffic counts before-and-after the com-
pletion of facilities improvement projects such as expansions of expressways, highways 
and tunnels, and compare the observed changes to the expected changes without the im-
provement. Percentages of traffic growth are presented instead of elasticities. For example, 
Jorgensen (1947) introduces the facility-specific analyses on two newly opened parkways 
connected New York City and New Haven, Connecticut, and finds that the traffic increases 
by 25 to 30 percent in the corridor. However, this kind of studies is criticized for ignor-
ing the increase in traffic from highway improvement and failing to separate diverted trips 
from total latent trips in measuring induced demand. 
In contrast to facility-specific analyses, area studies seek a more general relationship 
between road supply and demand for travel. Most of these studies run OLS regressions by 
using the cross-sectional data for different urban areas. Results are measured by the travel 
demand elasticity: the percentage of responsiveness of a variable to one percent change of 
another variable. Kassoff and Gendell (1972) investigate the relationship between vehicle-
miles travelled (VMT) per capita and road supply per capita in urban areas of the U.S. and 
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find that elasticity of "system supply index" to VMT per capita is up to 0.58. Other studies 
find that the elasticity of lane miles to VMT is in the range of 0.13 to 0.22. (Koppelman 
1972; Payne-Maxie et al. 1980). 
The second generation of the literature attempts to reduce the simultaneity bias by 
using the fixed effect model and a complex lag structure with panel data set. Using data on 
state highway travel demand and supply between 1970 and 1993 for thirty-two urban coun-
ties in California, Hansen, Gillen, Dobbins, Huang, and Puvathingal (1993) and Hansen 
and Huang (1997) introduce the fixed-effect and complex lag approach to estimate the ef-
fect of lane miles on VKT. Lane mile elasticity estimates are revealed in the range of 0.46 
to 0.50 in the first study. In the second study, the authors find that state highway VMT has 
a lane-mile elasticity of 0.6-0.7 at the county level and 0.9 at the metropolitan level. Based 
on the lagged panel model, the authors also find that the immediate lane miles elasticities 
of VMT are approximately 0.2 while the ultimate effect of lane addition will be realized in 
2 years at the county level and 4 years at the metropolitan level. 
Recently, more studies employ instrumental variables approach to estimate the travel 
demand elasticity. Noland and Cowart (2000) use land area and population density as 
instruments to estimate lane miles, and use reduced-form estimates to predict the change 
in VMT per capita. The authors reveal the long-run elasticities in the range of 0.65 to 
0.9. Cervero and Hansen (2002) use 19 instruments reflecting political, environmental and 
demographic influences to estimate induced travel demand and induced road investment 
for 34 California urban counties over 22 years in a simultaneous equation structuie. The 
authors find the elasticity estimate of 0.59 for induced travel demand and the elasticity 
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estimate of 0.33 for induced road investment, which is defined as the elasticity of freeway 
and highway capacity with respect to VMT. 
Duaranton and Turner (2010) estimate the road elasticity of VKT in Metropolitan 
Statistical Areas (MSAs) of the U.S. by using the U.S. Federal Highway Performance and 
Monitoring System (HPMS) data for 1983，1993 and 2003. They employ three instruments 
reflecting transportation routes a hundred year ago (to be discussed later) and find that the 
coefficient of the highway elasticity of VKT is 1.04 with a standard error of 0.13. Generally, 
the estimates of interstate highway elasticity of VKT are robust to econometric technique 
and different specifications. They conclude that their results verify the fundamental law of 
highway congestion at the national level. 
Chapter 3 
Data Description 
The unit of observation in our data is the prefecture, a sub-national level administra-
tive unit. The current division of forty-seven prefectures was established in 1871 by the 
Meiji government, and there have been only minor revisions. Geographically, Japan com-
prises four major islands (from North to South): Hokkaido, Honshu (the "mainland"), 
Shikoku, and Kyushu. Traditionally, economic activities are concentrated in Honshu, 
which consists of 34 prefectures, covers 60 percent of the national area, and holds 81 
percent of the national population. 
To study the relationship between tra伍c demand and road supply, we conduct re-
gression analysis based on a panel data set from 1990 to 2005. Similar to previous studies, 
the VKT and lane kilometers of highways are used to represent the demand for traffic and 
highway capacity, respectively. Traffic censuses were conducted by the Ministry of Land, 
Infrastructure, Transport, and Tourism non-periodically in 1990，1994，1997’ 1999，and 
2005. We extract the data from the “Road Traffic Census CD-ROM (2005)" published by 
the Japan Society of Traffic Engineers and aggregate the data into prefecture totals^ In 
every census, the average annual daily traffic (AADT) during weekdays and weekends for 
all types of vehicles (including buses and trucks), road length, number of lanes, and travel 
speed are recorded. We use only the weekday data because these reflect the work trip pat-
1 We use prefecture instead of Metropolitan Employment Areas (MEAs), proposed by Kanemoto and 
Tokuoka (2002) because of data availability. 
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tern, which is the focus of this study^ Multiplying AADT and road length yields VKT, 
which represents the total distance vehicles travel. Lane kilometer value is calculated by 
multiplying road kilometers by the number of lanes. Roads are classified into two classes-
expressways and general roads - and we examine only expressways in this thesis]. 
Table 1 summarizes the descriptive statistics of the variables. From 1990 to 2005, the 
mean of VKT increases by 57.8 percent from 2.8 million km to 4.5 million km, whereas 
average lane kilometers, defined by road kilometers multiplied by the number of lanes, 
climb by 53.2 percent in the same period. Road kilometers rise by 67 percent during this 
period, indicating newly expanded highways on average have a relatively smaller number 
of lanes than existing expressways. In summary, the extent of changes in the values of 
these variables is quite similar. Furthermore, the data show that the mean AADT grows 
from 23,929 units in 1990 to 28,542 units in 1997 and then drops to 26,027 units in 2005. 
In this 15-year period, the AADT grows by 8.8 percent. Focusing on the growth pattern, 
the data demonstrate that the growth in VKT is concentrated in 1990 to 1997，and the 
change stabilized after 1997. Unlike the US, which experienced a surge in AADT and an 
unchanged interstate highway capacity, Japan demonstrates the reverse pattern, indicating 
that the increase in VKT is the growth in lane kilometers driven. Because of highway 
2 To estimate AADT (i.e., 24-hour traffic counts), which is not available in some minor observation points, 
we multiply 12-hour traffic counts in day time by day-to-night ratio. 
Day-to-night ratio is expressed as the ratio of 24-hour tra伍c counts to 12-hour tra伍c counts in day time. 
Day time is from 7:00 a.m. to 7:00 p.m., while night time is that from 7:00 p.m. to 7:00 a.m. 
3 The first road class comprises arterial high-standard highways (8,730km in 2005), including national 
expressways (7,939km in 2005) and a small proportion of national highways (791km in 2005). These roads 
are toll-priced roads, administrated by corporations established by the national government. The second class 
comprises general roads and takes up a large proportion of national highways, prefecture roads, as well as city, 
town, and village roads. Following previous studies on testing the fundamental law of highway congestion, 
we reckon that the first road class is equivalent to the interstate highway in the US. Thus, this study is focused 
on Japan's expressways. 
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expansion, we speculate that existing drivers commute along the lengthier distance with 
higher speeds, but a few extra commuters who previously took public transportation, shift to 
driving. Interestingly, the growth pattern of AADT is the same as that of personal income. 
This may partly reflect the influence of budget constraints on commuting behavior. Average 
real personal income, adjusted by the 2000 GDP deflator, rises to 3 million yen in 1997 
from 2.59 million yen in 1990，but falls to 2.57 million yen in 2005，which is close to the 
1990 levels. For example, with lower income, the commuter is reluctant to travel by public 
transit instead of driving. 
Another possible explanation is that AADT in existing highways may remain stable 
while AADT in newly expanded highways is far less, pulling back the average AADT. 
Table 1: Summary Statistics for our major variables 
Year 1990 1997 1999 2005 
Mean daily VKT (the arterial high-standard road, 'OOOkm) 2,830 3,489 4,116 4,207 4,467 
(2,864) (3,249) (3,745) (3,826) (3,840) 
Mean AADT (the arterial high-standard road) 23,929 25,972 28,542 27,353 26,027 
(19,255) (19,177) (20.586) (19,550) (18,370) 
Mean lane km (the arterial high-standard road) 427 493 533 570 654 
(304) (344) (365) (397) (427) 
Mean road km (the arterial high-standard road) 109 129 143 155 182 
(78) (89) (98) (110) (130) 
Mean prefecture population ('000) 2,630 2,665 2.684 2,695 2,718 
(2,423) (2,454) (2.480) (2,503) (2,596) 
Mean prefecture real personal Income ('000 yen) 2,586 2,928 3.035 2,889 2,572 
(419) (396) (414) (379) (425) 
Proportion of population aged 65 or above (%) 13.58% 16.31% 17.73% 19.15% 21.79% 
2.34% 2.74% 2.81% 2.90% 2.78% 
Number of prefectures 47 £ H I Z 
Notes: Standard deviations are in parentheses. "For VKT, AADT, lane km and road km, the oberservation of Tokushima in 
1990 is dropped because no expressway had been built. 
Table 1 also reports summary statistics of population size and personal income, ob-
tained from the Statistics Bureau of Japan. The population of Japan remains nearly constant 
since 1990; the variation is within 0.4 percent during the period of our study. Meanwhile, 
an aging population expanded. The proportion of population aged 65 or above was 13.58 
percent in 1990 and it grew to 21.79 percent in 2005. 
Chapter 4 
Ordinary Least-Squares and Fixed-Effect 
Estimations 
4.1 OLS Estimation 
Our interest is on examining the relationship between travel demand and highway capac-
ity in Japan. We take a similar approach as in previous studies to examine the highway 
elasticity ofVKT by establishing Equation 1. 
In Qif = a + (Pr In Ru + + (4.1) 
where Qu denotes the VKT in prefecture i at time t, Ru is the lane kilometers in prefecture i 
at time t’ Xu is a vector of other covariates, and e represents a random error term. We follow 
the log linear model, where p^ is the highway elasticity of VKT, which is the coefficient of 
interest in this paper. Provided that cov{R, = 0，the effect of highway provision on 
traffic over the area can be assessed using the OLS estimating equation. 
We estimate the cross-sectional highway elasticity of VKT by pooling five years of 
panel data containing 47 units of observation for each year. To further explore the traffic 
congestion in highly developed cities, we also conduct an independent study on Honshu. 
The results are presented in the Appendix. All variables are taken by natural logarithm. 
Columns 1 to 3 of Table 2 present the pooled OLS results of regressing VKT on various 
characteristics. 
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Table 2: VKT as function of lane kilometers, pooled OLS 
Dependent variable: Log VKT 
(1) (2) (3) (4) (5) (6) (7) (8) 
Log lane kilometers 1.285*" 1.126" ' 1.041"* 1.052"* 1.164*" 1.161"* 1.146*" 1.134"* 
(0.111) (0.0933) (0.102) (0.0723) (0.0702) (0.0688) (0.0739) (0.0736) 
Log personal income 3.227*" 2.592*" 2.407"* 0.780 0.790* 0.739* 
(0,446) (0.553) (0.600) (0.486) (0,469) (0.429) 
Log population 0.253" 0.00971 -0.444 0.157 
(0.106) (0.137) (0.914) (0.865) 
Proportion of age group 15-64 -3.048 12.18* 
(7.162) (6.320) 
Proportion of age group above 65 -12.93*" 16.96" 
(4.627) (7.500) 
Constant 6.763*" -17.65*" -15.85"* -7.126* 6.707*" 0.651 7.574 -11.85 
(0.665) (3.369) (3.663) (3.723) (0.498) (3.720) (15.96) (17.09) 
Prefecture fixed effect Y Y Y Y 
Observations 235 235 235 235 235 235 235 235 
R-squared 0.770 0.880 0.890 0.914 0.983 0.984 0.984 0.984 
Panel B: Results from t-test (Hq： highway elasticity of VKT=1) 
p-value 0.014 0.182 0.687 0.479 0.024 0.024 0.054 0.075 
All regressions include a constant and year effects. Robust standard errors clustered at the prefecture level in parentheses. 
*•• p<0.01, ** p<0.05, * p<0.1. The oberservation ofTokushima in 1990 is dropped because no expressway had been built. 
Panel A of Table 2 displays the OLS estimates of coefficients, and Panel B presents 
the p-values of hypothesis testing, in which the null hypothesis is that the highway elasticity 
of VKT equals to one. 
In Column 1，only the lane kilometers and a constant and the year dummies are 
included. In the second column, the (log) personal income is added. In the third column, 
the (log) population is included. In Column 4，the proportion of age group 15 to 64 and 
the proportion of age group 65 or above are added as controls. The results show that once 
personal income and population are controlled, the elasticity of VKT to highway capacity 
drops to around one, which is similar to the US results found by Duranton and Turner 
(2010). Population structure control is new to literature but adding this control only slightly 
raises our coefficient of interest. 
We also test the results with controls of manufacturing share and MEA proportion of 
every prefecture but adding these controls is insignificant to the consequent results. There-
fore, we omit to report the results under these control variables. 
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Table 2 shows that similar to the US, the elasticity of VKT to population size is 
considerably less than one, implying that people drive much less frequently in large cities. 
This may be partly attributed to the shift of drivers to public transit, which is operated in 
large economics of scale and available only in large cities. 
The result in Column 3 indicates a positive elasticity of VKT to a personal income 
of 2.59，significant at one percent level, suggesting that people with higher income drive 
more frequently. The intuitive implication is evident. Generally, the pecuniary costs of 
driving, namely, the capital expenditure of vehicles and gasoline price, are greater than the 
commuting cost by public transit. Meanwhile, non-pecuniary costs, such as time cost, are 
higher for affluent drivers because time forgone generates a loss in potentially additional 
income. With greater affordability implied by higher income, people undoubtedly drive 
more frequently. 
In Column 4, the population structure is controlled. With a slight upward change to 
the elasticity of VKT to highway capacity, aging population is significant to affect VKT. 
The proportion of age group 15 to 64 and 65 or above may be positively correlated with 
some omitted variables that impose a negative effect on travel demand. 
The t-test results in Columns 2 to 4 Panel B suggest us not to reject that the highway 
elasticity of VKT is equal to one at one percent level. 
In Columns 1 to 3，the E? of the regressions ranges from 0.77 to 0.91，indicating that 
around 91 percent of the variation in VKT is associated with variations in lane kilometers, 
personal income, population and population structure. 
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4.2 Fixed-Effect Estimation 
As mentioned, highway supply and traffic can be determined simultaneously. Changes in 
road supply can affect traffic，whereas the reverse can happen as well. More generally, 
the unobserved error terms are correlated with the independent variables in the regression 
equation. In this case, the estimate of p^ in the OLS framework is biased. To reduce 
the simultaneity bias, we decompose e into a time-invariant prefecture fixed effect and a 
time-varying error term, taking advantage of the panel structure of our data set, as shown 
below. 
In Qit = ci + pI In Ru + X；,/? + + ”让 (4.2) 
where 6 denotes the fixed effect, and rj denotes the time-varying error. We can then estimate 
the equation using the fixed-effect model, and the time-invariant prefecture effects, such as 
geographic features, disappear. Provided that cov{R,rj\X,5) = 0，the estimate of is 
consistent. This enables us to reduce the simultaneity bias when we assume that and the 
vector of explanatory variables are uncorrelated with the time-varying error but correlated 
with the fixed effect. 
Columns 5 to 8 of Table 2 repeat the regression in Columns 1 to 4, except for the 
inclusion of a prefecture fixed effect. Thus, the variation used here is the within-prefecture 
variation. The results show that only highway expansion, personal income and population 
structure can significantly affect VKT over time, and the coefficients of log population are 
insignificant. The insignificant coe伍cient of log population is not surprising. First, the 
coefficient of population size on VKT is small in the OLS estimation. Second, only a small 
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variation in population within each prefecture is observed possibly because of the small 
extent of change in population over time within each prefecture. The coefficient of log 
personal income is still positive and statistically significant, but the value drops from 2.41 
to 0.74. This suggests that much of the effect of personal income on VKT in the cross-
sectional estimation has been absorbed by the prefecture fixed effects. Nonetheless, the 
coefficients of proportion of age group 15 to 64 and age group 65 or above are significant at 
10 percent level and 5 percent level respectively. In contrast to Column 4，the sign of these 
coefficients changes from negative sign to positive sign. Our interpretation is that working 
population and elderly population impose more travel demand than children. Furthermore, 
the estimates of highway elasticity of VKT with a prefecture fixed effect, ranging between 
1.13 and 1.16，are larger than the results obtained in the pooled OLS model. 
Although the fixed effect eliminates or mitigates the potential bias of OLS arising 
from the correlation between lane kilometers and omitted variables affecting VKT at the 
prefecture level, the fixed-effect specification may be subject to the bias because of the 
simultaneity of changes in lane kilometers and changes in VKT. If social planners expect 
demand for travel to soar in the future, they may expand highway capacity. However, the 
growth in highway construction may not be able to keep up with the rapid growth in travel 
demand. In such a case, if the change in VKT is misinterpreted as induced by the change 
in highway capacity, as is the case in the fixed-effect model, a coefficient of the elasticity 
greater than 1 may be derived, whereas the causality actually points to another direction^ 
4 For example, at time t, both (log) VKT and lane km of Cities A and B is 1. City A is an emerging city and 
the (log) VKT will rise to 1.5 at time t + 1. City B is a developed city and the (log) VKT will reach 1.2 at 
time t + 1 . On account of the technology constraint, the maximum road capacity expansion is 1.2. To catch 
the surge in VKT, City A expands its lane km to 1.2, while City B expands its lane km to 1.1. Consequently, 
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The cross-sectional model demonstrates the relationship between VKT and highway 
capacity. Meanwhile, the fixed-effect model shows the relationship between the variations 
in VKT and highway expansion. The technology and time limit of highway construction 
are reflected not in the cross-sectional model, but in the fixed-effect model. Such technol-
ogy and time limit of highway construction will lead to an upward bias in the fixed-effect 
specification. 
Because of the existence of dual causality between the change in VKT and change 
in highway capacity, the simultaneity bias is not eliminated even in the fixed-effect model. 
Moreover, the problem of time-varying omitted variables that are correlated with the ex-
planatory variables is not yet solved. In the next section, we will exploit instrumental vari-
ables in both the cross-sectional and the fixed-effect specifications to mitigate the potential 
endogeneity problem in the OLS and fixed-effect specifications. 
the road elasticity of VKT is�fi望身_�fe2二ij^ = o = 3 
Chapter 5 
Cross-sectional and Fixed-Effect IV 
Estimations 
5.1 Cross-sectional IV Model 
To solve the endogeneity problem in the OLS specification, the simplest strategy is to find 
an instrument (Z) for highway capacity (Q) in Equation 1. We set first and second stages 
of the IV estimation are as follows: 
InHif = /i + PzZit + + ^it (5-3) 
In Qit = c^  + p l ^ i + + Sit (5.4) 
In this 2SLS estimation, we can obtain a consistent estimate of p% if cov(Z, R\X) + 0 
and ccw(Z’£|;0 = 0. 
To obtain a consistent estimate of the highway elasticity of VKT in Equation (1)， 
highway supply is required to be uncorrelated with the unobserved error conditional on 
other covariates. In reality, however, highway capacity is likely to be simultaneously de-
termined with traffic. In particular, a higher VKT can cause more highway expansions In 
addition to this reverse causality problem. There are omitted determinants of VKT that 
are correlated with highway capacity, imposing bias on the estimates. For example, an 
implementation of pro-driving policy can simultaneously encourage driving behavior and 
16 
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highway construction. Owing to data availability and the myriad amount of these factors, 
controlling for all of these omitted determinants is impossible. To solve this problem, the 
simplest strategy is to employ 2SLS regression, which requires us to find an instrument for 
the lane kilometers that can account for the highway capacity variation while imposing no 
direct effects on VKT. 
Given the instrumental variable model specifications, several authors have attempted 
to find suitable instruments for road supply to estimate p% Early studies have used land 
area, population density, geographic features, weather conditions, and air quality as instru-
ments for lane kilometers. These variables, however, may not be exclusive because they 
may affect VKT directly through channels other than lane kilometers. Instead, Duran-
ton and Turner (2010) employ three innovative instrumental variables: planned highway 
kilometers from the 1947 highway plan (describes the highways subsequently built); 1898 
railroad route kilometers (railroads that were abandoned and turned into roads); and the 
incidence of major expeditions of exploration between 1835 and 1850 (many current inter-
state highways follow the same routes taken by early explorers). Considering the difference 
between the period these instruments were collected and the period of study as well as orig-
inal purposes of these instruments, these instruments are plausibly exogenous to the current 
travel demand. 
In this thesis, we employ the 1890 railways network plan as our instrument for high-
way capacity. This study is not the first to use railway network plan as an instrument for 
lane kilometers. As mentioned earlier, Duranton and Turner (2008, 2010)5 exploit the 1898 
5 See "Urban growth and transportation"(2008) and "The fundamental law of road congestion: Evidence 
from US cities’’(2010). 
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railroad system of the US as proxy for interstate highway capacity in the period 1983 to 
2003. The map of the 1890 Japan Railway Network is extracted from the "Official Docu-
ment Number 2021 Appendix" in 1890. At that time, constructing railroad networks was 
mainly for political and economic purposes^ 
6 The Meiji government agreed to build the railway in 1869，one year after the Meiji Restoration. The &st 
railway, the Tokyo-Yokohama Railway commenced operations in 1872. The railway network continued to 
be expanded during the Meiji Period. For example, the railroad between Osaka and Kobe was comp eted 
in 1874 and later extended to Kyoto in 1876 and Otsu in 1880. In 1882, another railway was completed 
in Hokkaido. One of the political reasons was that the Meiji government planned to abolish feudalism and 
centralize power in Japan. Building a railway network was a symbolic movement, in which all clans in Japan 
were required to surrender their power to the Meiji government. Modernization began with the introduction of 
Western ideas. The downfall of local governments implied that the Meiji government could centralize power 
to implement modernization reform. An economic reason was that the establishment of a railroad network 
could appreciably improve road transport and considerably speed up the transport of nee to minimize the 
effects of famine in poor harvest areas. The railway network built in Hokkaido was also geared toward 
"shipping coal from the Horonai coal mine to the port ofOtaru (Temiya Station)" (refer to review by Eiichi 
Aoki). 
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Japan Railways Network, 1890 
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Figure 2. 1890 railways network plan. 
We convert the map into a digital map and use a Geographic Information System 
(GIS) to calculate the length of railway passing through each prefecture. Figure 2 shows 
the GIS output of the 1890 railway network map. For the 1890 railway network plan, only 
30 prefectures have railways, as shown in the map. Therefore, the length of railroads in the 
remaining 17 prefectures is 0，and the value becomes undefined after the logarithm transfor-
mation is taken. We exclude these 17 prefectures without railways from our sample in our 
IV estimation. Consequently, the sample size is smaller than that in the OLS estimation. 
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The railroad network is relevant to expressway capacity during the period of our 
study. One of the purposes of building a railway network was to connect the important 
ports and internal regions, as well as improve road transport. Based on the railway network 
plan, some railroads were turned into expressways thereafter. The transportation network 
in 1890 resembles the network of today. 
For exogeneity conditions, the validity of instruments requires that the railroads be 
uncorrelated with VKT in the period 1990 to 2005 conditional on other controls. Identi-
fying the relevant control variables from the unobserved determinants of VKT is essential. 
For example, prefectures that were accorded more railroad length networks probably be-
came large prefectures and economic centers during the study period. Consequently, the 
instrument directly predicts population and personal income, and indirectly predicts high-
way capacity. Without appropriate controls, the exclusion restriction is unlikely to hold. 
Therefore, we add population, personal income and population structure as controls. In 
1890，Japan's economy was smaller and more agriculturally oriented. After the massive 
destruction in the Second World War the economic centers shifted and the distribution of 
economic activities changed. It is di伍cult to say whether the plans for railroads built 100 
years ago incorporated predictions on travel demand after 100 years, conditional on popu-
lation size and structure as well as income. 
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Table 3: VKT as a function of lane kilometers, IV 
Panel A. Dependent variable: log (VKT) 
(1) (2) (3) ⑷ 
Log lane kilometers 0.992*" 1.015*" 0.972— 0.797*" 
(0.308) (0.218) (0.231) (0.240) 
Log personal income 3.092"* 2.830"* 2.609… 
(0.578) (0.756) (0.929) 
Log population 0.0849 0.145 
(0.153) (0.294) 
Proportion of age group 15-64 -15.40 
(12.55) 
Proportion of age group above 65 -20.77"* 
Constant 8 .794" ' -1573" * -14.66*" 0.458 
(1.872) (4.550) (5.212) (5.264) 
Observations 150 150 150 150 
R-squared 0.504 0.765 0.778 0.842 
Panel B. Results from t-test (H。： highway elasticity of VKT=1) 
p-value 0.979 0.947 0.906 0.405 
Panel C. First Stage for log (lane km) 
Dependent variable: log (lane km) 
(1) (2) (3) ⑷ 
Log 1890 railway network plan 0.384" ' 0.385"* 0.328"* 0.260"* 
(0.0706) (0.0713) (0.0753) (0.0696) 
Log personal Income 0.173 -0.763 0.683 
(0.486) (0.569) (0.694) 
Log population 0 . 2 9 5 … 0 . 8 0 2 * " 
(0.0777) (0.142) 
Proportion of age group 15-64 "(8 M2)* 
Proportion of age group above 65 
(7.759) 
Constant 4 .478 ' " 3.115 6.381 6,768 
(0.354) (3.883) (4.149) (8.400) 
Observations 150 150 150 150 
R-sguared 0.166 0.167 0.222 0.395 
All regressions Include a constant and year effects. Robust standard errors clustered 
at the prefecture level in parentheses. * " p<0.01, “ p<0.05, • p<0.1 
Table 3 presents the 2SLS estimate results. Panel A of Table 3 displays the 2SLS 
coefficient estimates corresponding to the OLS estimates presented in Table 2，and Panel B 
presents the p-values of the test of the null hypothesis that the highway elasticity of VKT 
is equal to one. Panel C shows the corresponding first stage. In Panel A, the dependent 
variable is the prefecture expressway VKT. Similar to Table 2, Column 1 includes only 
the lane kilometers, as well as the constant and year dummies. In Column 2，the personal 
income is added. In Column 3，we further control for population. Finally, in Column 4，the 
control for population structure is added. 
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Panel C shows that the highly significant coefficient of the 1890 railway network 
plan to highway capacity is robust in all specifications. It suggests that the logarithm of 
the railway network plan in 1890 is a good predictor of future highway capacity. From 
Columns 2 to 4, the coefficient of personal income is statistically insignificant. 
Columns 3 to 4 show that the population coe伍dent indicated with a positive sign 
remains the variable important to highway capacity. It shows that the prefecture size in-
creases in proportion to highway capacity. Compared with the OLS estimation, the 2SLS 
estimates of highway elasticity of VKT are lower in different specifications and remain 
highly significant. All 2SLS estimates of the highway elasticity of VKT are closed to one, 
ranging from 0.80 to 1.02. But the large standard error of the elasticity, which widens the 
confidence interval, suggests that we do not reject if the highway elasticity of VKT is equal 
to one at one percent level, as shown in the t-test results in Panel B. Nonetheless, caution 
should be exercised when the number of observations drops to 150 from 234 because we 
cannot directly compare the two results. The OLS results using these 150 observations are 
reported in the Appendix. 
However, this instrument might not pass the exclusion restriction if current travel 
demand and historical travel demand are correlated even after controls. In the US, such a 
correlation may be weak because of the development of sunshine areas in the West post-
World War II. In Japan, however, with industrial inertia, there might not be such a dramatic 
geographical shift in economic centers. Compared with the US, a stronger serial correlation 
in travel demand, that is development levels, may exist in Japan. Because of the possible 
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doubts on the exclusiveness of this instrument, we continue in the next subsection to present 
our results based on a different instrument in the fixed-effect specification. 
5.2 Fixed-Effect IV Model 
To remedy the endogeneity in estimating elasticity over time, we conduct instrumental 
variable estimation in a fixed-effect framework and set Equations 5 and 6. 
In 二 " + PzZit + + G + (Jit (5.5) 
In Qit = a + p i i ^ i t + y^itP + + ”让 (5.6) 
where ^ denotes the fixed effect and o* represents the time-varying error in the first stage 
estimation. 
In this framework, we need to find an instrument for highway expansion, instead of 
highway capacity as in the cross-sectional IV model. To our knowledge, we are the first 
to use an instrumental variable estimation in a fixed-effect framework to estimate travel 
demand elasticity. 
We exploit the 1987 planned expressway expansion as our instrument. In the "4th Na-
tional Comprehensive Development Program" developed in June 1987，plans are to expand 
the capacity to 14,000 kilometers of arterial high-standard highway network in Japan by 
2015. The purposes of this construction are to promote the "Interaction Network Initiative" 
and "contribute to a multi-polar and decentralized nation for the 21st century." In addition 
to the existing planned national expressway (7,600 kilometers), an extra 6,220 kilometers 
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of lane kilometers, as well as the Honshu-Shikoku Expressway (180 kilometers) are pro-
posed. The government follows this plan to construct the arterial high-standard highway 
network. At the end of 2004，8,730 km of arterial high-standard highways, approximately 
62.4 percent of the total, was completed. It suggests that the 1987 national expressway 
plan is relevant to the expressway subsequently built after 1987. Figure 3 shows the GIS 
output of the 1987 arterial high-standard highways plan. We convert the map into a digital 
map and directly calculate the expressway capacity distributed in each prefecture from the 
digital map using GIS. 
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Figure 3. The 1987 arterial high-standard highway plan 
Instead of directly using the 1987 national expressway plan as an instrument, we con-
struct a new variable that we name planned expressway expansion. We simply subtract the 
1990 actual expressway routes in kilometers, the earliest year when data is available, from 
the 1987 national expressway plan received in each prefecture. Multiplying the planned 
expressway expansion by a year dummy or year interval (current year minus 1990), an in-
strument for predicting national expressway expansion in each year is made available. We 
conduct the regression under two models specifications: 
(1) annual growth in specific years 
year dummy * (In 1987 planned km - In 1990 actual km) 
(2)constant linear growth 
[initial year - 1990) * (In 1987 planned km 一 In 1990 actual km) 
The first model specification corrects the time effect on the expressway construc-
tion progress. With a year dummy, the new variable can reflect the effect of expressway 
expansion on the lane kilometers in each year. We expect that a stronger effect of express-
way expansion is imposed on lane kilometers as time passes because more expressways are 
constructed as years pass. We restrict the speed of the expansion to be constant over time. 
The second model specification corrects the time interval problem arising from the 
non-periodic road traffic censuses. We assume that a social planner constructs expressways 
based on the difference between the 1987 expressway plan and the 1990 actual expressway 
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kilometers. In the years after 1990，more expressways are constructed, and expressways 
kilometers expand at a constant rate over time. 
The planned expressway expansion that we use as an instrument in the fixed-effect 
framework can be better justified compared with the historical highway plan variable in 
the cross-sectional IV framework. Recall that for an instrument {Z) to be valid, we require 
cov(Z, X) to be nonzero, but cov{Z, y ) = 0 is conditional on other covariates. 
The planned expressway expansion should affect the actual expressway growth, jus-
tifying the first stage {cov(Z,X) > 0). Of considerable importance is that this variable is 
also likely to pass the exclusion restriction; that is, uncorrelated with travel demand (VKT). 
This is because all information on future travel demand used to construct the 1987 plan has 
been taken by the prefecture fixed effect. Deviations from travel demand (VKT) from the 
predicted prefecture-specific trend are likely to be uncorrelated with the planned express-
way expansion; that is, cov{X, Y\prefecture fixed effects) = 0. It is highly plausible 
that this instrument is valid in the fixed-effect framework. Table 4 presents the results. 
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Tal>le4. Vicr as a function of bne k lometere, IV Pand A PeBfinflHil varBMi! log iVKTi 
t r , g> r3) (4> (S'. 丨.6) a ) _ 
LoQlanekibmeters 1.296'" 1-294'" 1 301"' 1.217'" 1 272- 1.275'" 1.27 7", 1,218"' 
‘ (0,129) (0.133) (0.149) lO 149) (0 122) fO.I25) (0134> (0.137) 
Logpe fsona l income 0.748 O.MS 0 718 O l S i 0 752 0 7 2 3 
(0.500) (0.501) (p.446) (0.4 99) (0.497) (0 444) 
L o g p o p m a t b n 0 . ” 3 0.456 二 
(1.051) 0 .038) ( 0 9 8 1 ) iT) 958) 
Propor ton of a je 9 r o u p 1 5 ^ 4 二Jj^ 〗*》 
Proportion of age g r o u p a b o v s e s 
(7 883) (7.845> 
Constant 6,794"' •0.0231 -1.7 97 -17.0 8 5 , 9 6 S " ' 0.0726 -0.315 -1S72 
^ ' (0.912) (3.396) (17.44) (18.19) (0.863) (3.398) (16.33) (17.16) 
Prelecbjre fixed effect 丫 Y Y Y Y Y Y Y 
Obseivfl t 丨0118 235 235 23S 235 236 235 235 235 
二 二 D.9S3 0.983 0.983 0.984 0.983 0.983 0.983 0,984 
Panel B. R e s u t s l f o m 1-test (He. high vay elasticity of V K T - 1 ) 
o-value 議 0 0 32 O.OSO 0 1 0 5 _ _ ——^__Hil. 
Panel C .Frs t Stage tor log (lone k m ) 
细 中 … , , ⑶ ⑷ （ s ) ,-6> m (8) 
」 0 0 4 1 4 ' " 0 0 4 1 5 ' " 0 0 , 0 4 1 9 * " 
L09plBnne<l « p expansion (OOOSO^^ (0 00503) (0 .00553 , (0 .00552) 
Loooereona l income 0,192 0.19 3 0 227 0.382 0.383 0.394 
L o g p e r ^ n a l income ( 。 伐 ） （ 。 奶 ） ( , , 4 2 5 ) (0.4 49) (0.451) ( 0 . « 6 ) 
‘ -0 ,149 -0.34 1 •0.243 -0 34 2 
(0.529, 0 . 6 1 0 ) ( 0 5 5 € ) (0 649 ) 
Prop 咖 n�丨 age—P1S44 Jgo® t f t ) 
Proportion of age g roupabove 65 ) 
啊释丨。 n (。溫；(S") 
、,.「—丨啊一n 二 ; 二 二 二 
二 二 二 二 
‘ (0.Q8IS) (0.0&16) (0.0670) (0.0907) 
- . , 5 3 8 1 " ' 3.933 11.69 1 9.4 7 6,7 0 3 3 . 7 2 B 7.4 92 14.71 
C。n®*°nt ( 00499 ) (3.265) ( 9 . « 2 ) f12.41> (0 0791) (3.613) (9,016) (11.9?) 
, 235 235 23 S 23S 23E. 235 235 235 
R 0.971 0.971 0.971 0.972 0.970 0 970 0 9 7 0 0.971 
Aih^gress ions include a constant and year effects. Robust standard errors clustered at the prete d u r e level in parentheses. 
p<0.01. “ p<O.OS. ‘ p<0.1. exp.expressvf ly 
Panel A of Table 4 shows 2SLS estimates of the coefficient of interest in the fixed-
effect model, and Panel B provides the corresponding p-value in t-test while Panel C dis-
plays the corresponding first stages. 
Columns 1 to 4 demonstrate the results in the first model specification. A significant 
relationship between the expressway expansion and lane kilometers for each year dummy 
is found in the second model specification. As expected, the expressway expansion im-
poses a stronger effect on lane kilometers as time passes. More specifically, in 1994，a 10 
percent increase in expressway expansion is associated with a 2.72 percent increase in lane 
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kilometers. The effect of expressway expansion is strengthened gradually as time passes. 
In 2005, a 10 percent increase in expressway expansion is associated with a 6.54 percent 
increase in lane kilometers, which is around 2.4 times the effect in 1994. The correspond-
ing 2SLS estimates are also close to the results obtained in the first model specification. 
The highway elasticity of VKT is approximately 1.247, controlling for personal income, 
population and population structure. 
Columns 5 to 8 of Panel C display the strong first-stage relationship between the log 
of planned expressway expansion and that of lane kilometers with the coefficient of 0.04 
annually in the first model specification. These results indicate that when the difference 
between the 1987 planned expressway capacity received and the 1990 actual expressway 
capacity increases by 10 percent, the lane kilometers will increase by 0.4 percent annually. 
Therefore, more arterial high-standard highways are built in the prefectures falling behind 
the construction target during the study period. The corresponding 2SLS estimates of the 
highway elasticity of VKT are in the range of 1.218 to 1.277. These estimates are highly 
significant with standard errors of 0.122 to 0.137. Our most preferred result is in Column 
8: the highway elasticity of VKT is 1.218，after controlling personal income, population 
and population structure. 
Although our FE-IV results find the point estimates of the elasticity to be larger than 
one, we still cannot reject the null hypothesis of an elasticity of one at the 10 percent level 
in specifications with Ml controls, that is, Columns 4 and 8. 
Chapter 6 
Conclusion 
We estimate the highway elasticity of VKT in Japan from 1990 to 2005. The es-
timated elasticities range from 0.80 to 1.22 across different econometric models. To the 
best of our knowledge, we are the first to determine an instrument for highway expansion 
in the fixed-effect instrumental variable estimation. We also successfully replicate the US 
results in the cross-sectional IV specification in Japan. The results suggest that the funda-
mental law of highway congestion approximately holds in Japan. Highway expansion is 
unlikely to reduce traffic congestion in high-level highways, and may even worsen traffic 
congestion. More careful consideration should be given to the implementation of highway 
expansion plans, especially if other measures to relieve traffic congestion are available. 
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Appendix 
Estimation Results for Honshu Island 
In this appendix, we repeat the regressions in the OLS and instrumental variable estimations 
with a smaller sample size. To investigate time series variations, we add a prefecture fixed 
effect in some specifications. 
Ordinary Least Squares and Fixed-Effect Estimations 
Appendix Table 1: VKT as function of lane kilometers, pooled OLS 
Dependent var iab.e:Lo,VKT ⑴ ⑵ ⑶ ⑷ （ 5 、 （6、 m ~ ~ ^ 
Log lane kilometers 1.235*" 1.124*" 1.072*" 1.092"* 1.103*" 1.103"* 1.054"* 1.044"* 
Log lane Kilometers (0^57) (0.I2O) (0.134) (0.0815) (0.129) (0.128) (0.140) (0.134) 
Loa nersonal income 4.144"* 3.478*" 2 .734"* 0.146 0.204 0.132 
Log personal income (o.659) (0.821) (0.723) (0.462) (0.443) (0.409) 
, , 0 179 -0.144 -1.041* -0.125 Log population °o 114) (0.132) (0.577) (0.808) 
Proportion of age group 15-64 •工） （J:怠認） 
^c TV** 14 87** 
Proportion of age group above 65 ( 7別8 ) 
7 . 2 1 1 ' " -24.88"* -21.93*" -8.228 7 .183*" 6.050 19.63" 2.473 
(0.993) (5.102) (5.903) (6.367) (0.508) (3.661) (9.296) (12.01) 
Prefecture f^ced effect 彳了。 ” 。 ，了。 ” 。 ^yo 170 1^0 
0.724 0.884 0.890 0.924 0.983 0 . 9 8 3 _ _ _ _ 0 . 9 8 4 
Panel B: Results from t-test (H。： highway elasticity of VKT=1) 
P value 0.14 0.31 0.59 0.27 0.43 OJO 0 7 5 _ 
All regressions include a constant and year effects. Robust standard errors clustered at the prefecture level in parentheses. 
p < 0 . 0 1 , " p<0.05, * p<0.1. The oberservation ofTokushima in 1990 is dropped because no expressway had been built. 
We repeat the regressions in Table 2，but only the prefectures located in Honshu 
are included. Panel A of Appendix Table 1 shows the OLS estimates of coefficients, and 
Panel B displays the corresponding p-values of the t-test. Surprisingly, the coefficients of 
the highway elasticity of VKT are smaller and highly statistically significant because we 
expected more induced demand for traffic in Honshu. With smaller coefficients as well 
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as larger standard errors, the t-test results suggest that the fundamental law of highway 
congestion holds in Honshu, Japan. 
Cross-sectional IV Model 
Appendix Table 2: VKT as a function of lane kilometers, IV 
Panel A. Dependent variable: log (VKT) 
(1) (2) (3) (4) 
Log lane kilometers 0.956" 0.983"* 0.908*** 0.708" 
(0,348) (0.219) (0.229) (0.325) 
Log personal income 3.536"* 2.867" 2.438" 
(0.867) (1.201) (1.142) 
Log population 0.161 0.256 
(0.152) (0.389) 
Proportion of age group 15-64 -17.13 
(18.61) 
Proportion of age group above 65 -21.19* 
(10.31) 
Constant 9.109"* -19.07" -15.69* 1.970 
(2.113) (7.201) (8.802) (11.95) 
Observations 125 125 125 125 
R-squared 0.431 0.753 0.774 0.820 
Panel B. Results from t-test (Ho： highway elasticity of VKT=1) 
p-value 0.9014 0.938 0.6904 0,3787 
Panel C. First Stage for log (lane km) 
Dependent variable: log (lane km) 
(1) (2) (3) (4) 
Log 1890 railway network plan 0 . 3 5 8 … 0 . 3 5 6 " * 0 .304" ' 0.173… 
(0.0668) (0.0654) (0.0661) (0.0496) 
Log personal Income -0.804* -1.991*" -0.646 
(0.480) (0.581) (0.577) 
Log population 0 . 3 1 5 - 1.058"* 
(0.0817) (0.145) 
Proportion of age group 15-64 -44.56**' 
(7.506) 
Proportion of age group above 65 -20.83*" 
(5.652) 
Constant 4.622*" 11,00" ' 15.97*" 28.13"* 
(0.343) (3.869) (4.128) (5.753) 
Observations 125 125 125 125 
R-squared 0.182 0.205 0.262 0.603 
All regressions Include a constant and year effects. Robust standard errors clustered 
at the prefecture level in parentheses. • ” p<0.01," p<0.05, * p<0.1 
We repeat the regressions in Table 3 but only the prefectures located in Honshu are 
included. Panel A of Appendix Table 2 reports the 2SLS coefficient estimates correspond-
ing to the OLS estimates and Panel B reports the p-values of the test of validity of the 
fundamental law of highway congestion. Panel C presents the corresponding first stage. 
Similar to the OLS results for Honshu samples, all 2SLS coe伍dent estimates, by employ-
ing 1890 railway network plan as an instrument for lane kilometers, are slightly smaller 
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than the coefficient estimates at national level. The p-value in Panel B also suggests that 
the fundamental law of highway congestion holds in Honshu, Japan. 
Fixed-Effect IV Model 
Appendx Table 3 VKT as a function of lane Kilometers. IV 
Panel A QfflinK&nt Yana&lfi Iw IVKTI — — r r ~ fii (?) f3) u) (5) f6i m [fii_ 
Loglano kibmaters 1 341•“ 1 3 4 1 - 1 . 3 2 9 - 1 2 4 9 - 1.350-" 1 3 5 2 - 〒：• 1272- " 
(0 204)【0.204) (0251) (0 243) (0 215) (0215) <0.2o6； (0 265) 
Log personal income 0 147 0157 0 108 0.147 0.155 0 . 1 ^ 
(0.493) (0.408) {0.447) (0 4 94) (0.502) (0.453) 
Logpopulatlon -0.177 0.474 二 
(0,962) (1 114) 0.017) (1 197} 
Proportjonof aoegroup15«64 5.273 
(5 186) ^5.259^) 
Proportionof a^egroupao0/965 14 58' Jf：^* 
(7 619) f7.705) 
Constat 6.516•“ 5 360 9 445 -6 751 6 4 5 2 ' " 5.283 8 , 8 ” .了 2^3 
(1.478) (3.330) (16.15) (17.59) (1 554) (3.332) (17.02) (16.00) 
Prefecture fix eo effect Y Y Y Y Y Y Y Y 
0&&6rv3(bns 170 1 70 170 1 70 1 70 170 170 170 
R-squaed 0 981 0 981 0 96 2 0 903 0.981 0.981 0.981 0.983 
Panel B Resu ls l rom l-tesl iHa tugrivsGv elasticity of VKT=1} 
cwalue 0 1036 0 104 6 0 19 9 0 3117 0 1123 0 1115 02106 0 3115 Panel C FIrsI SJage fa log tlane Km) 
nfflflfiflpriY.ifinafi pqfiaM YM — ^ ~ (1) (2) f3) m (5) (Q) m Lii_ 
lonr ianr»r t 0 . 0 3 4 6 0 . 0 3 4 5 ' " 0 .0325" ' 0.0339"-LogpJanneoexp expansion <0.00788) (a00766) (0 00813) (&00635) 
LooDeraonahncome 0.122 0 14 3 0.108 0 1 75 0.204 0.153 
Logperaonal income 扣 ,0.419) iO.396) (0 428) (0.433) (0 392) 
LOQCOomation -0 589 -0,810 -0-704 -0.053 
LogpopuJacn (0573) (0.548) (0.596) (0 672) 
Pfopoitlonof age QfouplB-ftd j = (3.735) y* '-wI 
Proportion rt aoe group at)0/8 65 |•二; 
<。。溫> 二?。•> ( I 二 
, _ 一 （ = ) 二 二 二 
细- 。(二 二•； •！二 
^ S S =；)• 二;•； 
C 她 art 1540 - 6 ,577- U 2 7 23.35•‘ 3,530•“ 2176 14.16- 24.85" 
™ (0.0992) (3.308) (8.114) (10,57) (0.241) (3.309) 17.777) (10.27) 
0t>serval0ns 170 170 170 1 70 1 70 1 70 1 70 170 
二 二 0 978 0.978 0.97 8 0.978 0.977 0,977 a 977 0 978 Alt ragrwL ns include a consianl and year effects RoousI stamJarcJ errors clustered at Ihe prefedueleveJ in parertheses 
• “ p-<0 01. • •p<oa5. 'p<0.1 «xp:expresswav-
We repeat the regressions in Table 4，but only the prefectures located in Honshu are 
included. Panel A of Appendix Table 3 displays the 2SLS estimates of the coefficient in-
terest in the fixed-effect model, and Panel C provides the corresponding first stages. Unlike 
the previous results obtained in the Appendix, Columns 1 to 8 display higher coefficient es-
timates of highway elasticity of VKT. In Panel C, Columns 1 to 4 show that the year effect 
on expressway expansion is still significant during the period and the effect is the strongest 
in the fifth year. Nonetheless, there is a close relationship between planned expressway ex-
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pansion and lane kilometers shown in Columns 5 to 8. Because of higher standard errors, 
Panel B results suggest that the fundamental law of highway congestion holds in Honshu, 
Japan. 
Ordinary-Least Squares Results in 150 observations regression 
Appendix Table 4: VKT as function of lane kilometers, pooled OLS 
Dependent variable: Log VKT 
(1) (2) (3) (4) (5) (6) (7) (8) 
Log lane kilometers 0.835*" 0.816"* 0.774"* 0.786*" 0.578*** 0.587*" 0.565*" 0.585*" 
(0.175) (0.129) (0.139) (0.113) (0.133) (0.133) (0.131) (0.118) 
Log personal income 3.121"* 2.622*" 2.615"* 0.472 0.461 0.481 
(0.704) (0.836) (0.860) (0.363) (0.332) (0.326) 
Log population 0.160 0.155 -1.091* -0.571 
(0.114) (0.143) (0.556) (0.516) 
Proportion of age group 15-64 -15.76" 5.366 
(6.814) (3.273) 
Proportion of age group above 65 -20.91*" 9.891* 
(4.252) (4.951) 
Constant 9.763*** -14.74" -12.91" 0.592 10.90"* 7.156" 24.34*** 11.01 
(1.125) (5.556) (6.130) (5.450) (0.935) (3.073) (7.974) (8.195) 
Prefecture fixed effect Y Y Y Y 
Observations 150 150 150 150 150 150 150 150 
R-squared 0.521 0.792 0.802 0.842 0.990 0.990 0.991 0.992 
Panel B: Results from t-test (Ho： highway elasticity of VKT=1) 
p-value 0.3543 0.1636 0.1158 0.0682 0.0036 0.0042 0.0025 0.0015 
All regressions include a constant and year effects. Robust standard errors clustered at the prefecture level in parentheses. 
p<0 .01 . " p<0.05. * p<0.1. The oberservation of Tokushima in 1990 is dropped because no expressway had been built. 
The objective of doing this regression is to compare the OLS and cross-sectional 
IV model with an identical sample size. We repeat the regressions in Table 2, but only the 
prefectures with planned or existed railway construction are included. Panel A of Appendix 
Table 4 shows the OLS estimates of coefficients, and Panel B displays the corresponding 
p-values of the t-test. With 150 observations, Columns 1 and 8 display lower coefficient 
estimates of highway elasticity of VKT. Generally, we still retain the speculation that the 
OLS results are biased upward. 
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